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ABSTRACT: The tip-broadening effect (TBE), which makes
the apparent dimensions of the imaged objects larger than
they truly are, is one of the major disadvantages of atomic
force microscope-related technique, like tip-enhanced Raman
spectroscopy (TERS). However, the TBE also provides an
opportunity to achieve three-dimensional (3D) TERS if the
plasmonically active zones located at the shaft of the used tip.
Herein, we found that the side part of the p-nitrothiophenol
(pNTP)-modified Au microplates (AuMPs) can be observed
when TBE exists. Moreover, the 3D TERS feature was applied
to monitor reduction species of pNTP catalyzed by Au
microplates (AuMPs). Our results showed that the 3D TERS
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is capable of distinguishing signals from both the side and top part in a single piece of AuMP, corresponding to Au{100} or
Au{110} with low catalytic activity and Au{111} with higher catalytic activity, respectively.

B INTRODUCTION

Optical spectroscopy techniques are typically diffraction
limited. This limitation can be overcome by a combination
with scanning probe microscope, equipped with a metal or
metal-coated scanning probe.' ™ If such a tip is approached on
the surface, molecules located directly under it will experience
localized electromagnetic field of surface plasmon resonances,
coherent oscillations of conduction electrons of metal. This
will enable enhancement of Raman scattering from the
molecules up to 10°, which is sufficient for the single molecule
detection.” ® The metal or metal-coated tip can be rastered
above the sample surface with simultaneous collection of
enhanced Raman spectra. This will allow for an acquisition of a
chemical map of the analyzed specimen with subdiffraction
spatial resolution.”””

First developed in 2000,'°~"* this technique, known as tip-
enhanced Raman spectroscopy (TERS), became broadly
utilized in various research areas ranging from art conservation
science to biochemistry and electrochemistry.'*~'® Despite the
commercial availability of TER systems, the “Achilles’ heel” of
this technique is a reproducibility and life time of TER probes.
Over the last decade, multiple tip synthetic approaches were
developed to overcome this limitation.'”>° Nevertheless, two
synthetic methods are typically used to prepare TER tips:
electrochemical etching”** and metal evaporation.'”**** The
first method is primarily used for a fabrication of tips for
scanning tunneling microscope-based TER systems, whereas
metal evaporation is usually employed for tips used in atomic
force microscope (AFM)-based TERS. Thermal or electron-
beam evaporation produce a thin (20—70 nm) film of a noble
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metal on commercially available silicon or silicon nitride AFM
tips. Their quality may vary batch to batch, but on average
these metal-coated tips have a good yield and demonstrate on
average 10* enhancement.””™>’ From a perspective of the tip
geometry, silicon or silicon nitride shaft appears to be covered
with thousands of metal nanofeatures that are more prominent
for silver-coated”®*” and less prominent for gold-coated tips.*’
The tip enhancement and its spatial resolution are attributed to
a nanofeature formed at the apex of the scanning probe, which
comes into direct contact with the sample upon TER
measurements.

If the sample is flat, nanofeatures on the tip shaft should play
very little if any role in TER imaging. However, in the case of
nonflat samples, their contribution can be sufficient due to
additionally provided enhancement of shaft nanofeatures
(Scheme 1ab). It is especially concerning for AFM-based
platforms, where the tip shaft constantly interacts with sides of
imaged objects (Scheme 1c). This makes lateral dimension of
imaged objects larger than they are in reality, a phenomenon
known as tip-broadening effect (TBE).>"**

In this study, we investigated TBE on TER imaging using
chemically synthesized Au microplates (AuMPs). These
AuMPs have 40—100 nm in height and tens of microns in
length. Their top surface has Au{111}, whereas sides have
Au{110} or {100} crystal facets. After modification with p-
nitrothiophenol (pNTP) monolayer, both AFM and TER
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Scheme 1. Ilustration of TBE of TERS and AFM and Experimental Setup“
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Schematic overview of our experimental setup.

imaging were conducted. Astonishingly, we observed that part
of our TER probes would show TBE in TER images, which is
similar to the TBE of AFM images (Scheme 1c). Our
explanation is that TER imaging may be strongly affected by
TBE if used probes have active zones (i.e., hot-spot) at their
shafts (Scheme 1a). On the contrary, those TBE-unaffected
probes can give higher resolution than AFM due to their highly
localized hot-spot on the apex (Scheme 1b). Meanwhile,
chemical mapping of the reduced pNTP was also conducted by
our TER probes. TBE-affected TER images gave clear evidence
showing that the top surface ({111}) is more catalytic active
than the side part ({110} or {100}) of the AuMPs.

B METHODS

Chemicals. Gold(III) chloride trihydrate (HAuCl,-3H,0,
99.9%), hexadecyltrimethylammonium bromide (CTAB,
99%), poly(vinylpyrrolidone) (PVP, average M, 40000),
diethylene glycol (DEG, 99%), p-nitrothiophenol (pNTP,
80%), sodium borohydride (NaBH,, 99%) were purchased
from Sigma-Aldrich (St. Louis, MO). Ethanol was purchased
from Decon Labs (King of Prussia, PA). All chemicals were
used as received without purification.

Synthesis of the AuMPs. A typical synthesis of the
AuMPs was performed as following. PVP (512 mg) and CTAB
(112 mg) were added in 7.2 mL of DEG, and the solution was
heated and maintained in a sealed flask at 150 °C to dissolve
the surfactants. Then, 0.8 mL of DEG solution containing 9.6
mg of HAuCl,-3H,O was injected to this solution and it was
maintained at 150 °C for 5 min. After that the reaction
temperature was increased to 200 °C and maintained for 45
min. Color of the solution changed from yellow, colorless to
light brown and finally changed to golden color. Subsequently,
the solution was cooled down to room temperature and the
AuMPs were precipitated, centrifuged (8000 rpm, 3 min), and

washed twice with ethanol. The obtained AuMPs were finally
dispersed in 10 mL of ethanol for further use.

pNTP Modification of the AuMPs. The as-synthesized
AuMPs were first deposited on precleaned Si wafer. After that
the AuMP-deposited Si wafer was immersed in a 5 mM
ethanolic pNTP solution for 12 h to replace the original
ligands, i.e.,, PVP and CTAB, forming monolayer of pNTP on
AuMPs. Sonication in ethanol for 5 min was performed to
remove any uncoordinated pNTP molecule.

AuMP-Catalyzed Reduction of pNTP. The pNTP-
AuMP-deposited Si wafer was immersed in 5 mL of 30 mM
aqueous NaBH, solution for 30 min, followed by rinsing with
water and drying.

TER Probe Fabrication. Si AFM tips were purchased from
Appnano (Mountain View, CA). The tip force constant,
resonance frequency, and amplitude are 2.7 N/m, 50—80 kHz,
20 nm, respectively. The scanning rates for low- and high-
magnification TERS image are 125 and 20 nm/s, respectively.
For a metal deposition, AFM tips were placed in a thermal
evaporator (MBrown, Stratham, NH). Metal deposition was
conducted at ~107% mbar by thermal evaporation of gold
(Kurt J. Lesker, Efferson Hills, PA) at 0.3 A/s rate to reach 70
nm Au thickness on the AFM tips. Temperature at the tip
surface was ~50 °C upon metal deposition.

AFM-TER Imaging. AFM and TER imagings were done
on AIST-NT-HORIBA system equipped by 671 nm
continuous wave laser. Laser light was brought to the sample
in a side-illumination geometry using 100X Mitutoyo micro-
scope objective. Scattered electromagnetic radiation was
collected using the same objective and directed to a fiber-
coupled HORIBA iHRSS0 spectrograph equipped with a
Synapse EM-CCD camera (HORIBA, Edison, NJ). The signal
intensities of the nitro and azo group in all of our TERS images

DOI: 10.1021/acs.jpcc.8b09455
J. Phys. Chem. C XXXX, XXX, XXX—=XXX


http://dx.doi.org/10.1021/acs.jpcc.8b09455

The Journal of Physical Chemistry C

23 {422y A\

13{422y ®
{2203/

Figure 1. Structural characterization of as-prepared AuMPs. HRTEM image (a), the corresponding fast Fourier transform pattern (inset) and the
SAED pattern (b) of the resultant AuMPs. The {220}, 1/3 {422}, and 2/3 {422} reflections are marked with triangle, circle, and rectangle,

respectively.
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Figure 2. Probe-dependent TBE in TER and AFM images. (a, b) Proposed schemes showing the hot-spot located at both the shaft and apex (a)
and only at the apex (b) of the TER probe. (c—e), (f—h), and (i—k) are the TER images (, f, i), Phase-mode AFM images (d, g, j) and their

overlapped images (e, h, k) of TER probes 1, 2, and 3, respectively.

are integrated intensities of 1300—1370 and 1380—1490 cm ™,
respectively.

Electron Microscopy. Transmission electron microscopy
(TEM), high-resolution transmission electron microscopy
(HRTEM), and selected area electron diffraction (SAED)
observations were performed with a FEI Tecnai G2 F20 ST
field-emission electron microscope with an accelerating voltage
of 200 kV. Scanning electron microscopy (SEM) images were
obtained on a JEOL JSM-7500F field-emission scanning
electron microscope operating at S kV.

B RESULTS

The AuMPs were prepared by a polyol-based “wet-chemical”
process.”>** As shown in Figure S1, the as-synthesized AuMPs
were generally trigonal and hexagonal plates with 20—50 ym in
diameter and 40—100 nm in thickness. HRTEM image and
SAED pattern (Figures 1 and S2) demonstrated that these
AuMPs were well-grown single crystals with {111} planes as
the basal surface. Besides regular Bragg diffractions spots of
{220} and {422} facets, the SEAD pattern (Figure 1b) was
dominated by kinematically forbidden 1/3 {422} and 2/3
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Figure 3. TERS monitoring the facet-dependent reduction of pNTP catalyzed by AuMPs. (a, b) Proposed schemes showing the hot-spot located at
both the shaft and apex (a) and only at the apex (b) of the TER probe. (c, d), (h, i) HR TER images of the distribution of —NO, (¢, h) and N=N
group (d, i) obtained by TER probes 4 and S, respectively. (e, j) Corresponding overlap images. (f, k) Zoomed-in TER images of the white
rectangle position in (e) and (j), respectively. (g, 1) Typical TERS spectra extracted from the marked position in (f) and (k).

{422} spots, indicating presence of multiple parallel twin
planes on {111} facets parallel to the basal surface of the
AuMPs. Moreover, the d-space of the lattice planes measured
from the HRTEM image (Figure la) is ca. 0.25 nm, which is
very close to the 3 times of the {422} lattice (or 3 X {422}
superlattice) spacing (0.249 nm), also confirmed twin-planes
structure with {111} as basal facet. These results are in good
agreement to previous reports’”*° that PVP, a surfactant also
used in our synthesis, can be selectively absorbed on the crystal
plane of {111} and reduce the growth rate along (111)
direction, but enhance those of {110} and {100} planes. Thus,
top and bottom facets of the AuMPs are made of {111} facets,
whereas the {110} or {100} constructs the side facets. Next, a
self-assembled monolayer of pNTP was formed on the
resulting AuMPs through ligand exchange37 between pNTP
and original ligands, i.e,, PVP and CTAB.

TER and AFM imagings were performed on AIST-NT-
HORIBA TER system using Au-coated probes (Scheme 1d).
The images were taken by a side-illumination configuration of
with scanning size of S X 5 and 1 X 1 um, and the
corresponding resolutions of TER images are 125 nm (low
resolution, abbreviated as LR) and 20 nm (high resolution,
abbreviated as HR) per pixel. Upon TER probe approaching to
the surface of pNTP-modified AuMP, strong TER signal was
obtained when 671 nm excitation (~20 §W, 1 s integration
time) was introduced. As shown in Figure S3, the Raman band
at ca. 1336 cm™' can be assigned to the symmetric nitro
stretching vibration, whereas the peaks at ca. 1084, 1118, and
1573 cm™ were due to phenyl ring modes.”

AFM and TER mappings were conducted by three probes
(labeled as TER probe 1, 2, and 3) on a selected corner of
single piece of AuMP. From the height-mode AFM images
(Figure S4), one could find that obtained dimensions (~125,
150, and 200 nm for TER probes 1, 2, and 3, respectively) of
the same AuMP corner vary a lot among these three TER
probes. This phenomenon is well known as TBE in the AFM
field, which hinders the AFM measuring in lateral dimension,
because it is a convolution of the lateral size of the sample and
the probe’s radius of curvature (Scheme 1c).

Next, we compared the dimensions of the selected corner
measured by the HR TER images and phase-mode AFM
images. Phase-mode AFM was used here instead of height
mode because of its higher spatial resolution. We found that
the dimensions of AuMP measured by TER probe 1 are very
close: 122 nm for the HR TER vs 124 nm for phase-mode
AFM (Figure 2c—e), whereas those measured in HR TER
using TER probes 2 and 3 are 29 (Figure 2f—h) and 16 nm
(Figure 2i—k) smaller than their AFM counterparts,
respectively. This finding indicates the TER probes 2 and 3
are less influenced by TBE than probe 1, i.e., probe-dependent
TBE. Meanwhile, the SEM images (Figure SS) showed that
TER probe 1 has a broader apex than those of probes 2 and 3.
And its shaft surface was dominated by bunches of small
nanoparticles, which was not obvious for probes 2 and 3.
These unique geometries of probe 1 may play an important
role in the TER mapping and are the root of probe-dependent
TBE effect. Moreover, two more TER probes were tested on
other AuMPs and showed similar results (Figure S6).
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These results also suggest that the TER maps can be
strongly affected by TBE if used probes have active zones (i.e.,
hot-spot) at their shafts (Scheme 1a). In contrast, those TBE-
unaffected probes can give higher resolution than AFM due to
their highly localized hot-spot on their apex (Scheme 1b). In
the case of TER probe 1, the hot-spot is located at both the
apex and shaft. As can be seen in Figure 2a, the hot-spot at the
shaft of the tip interacts intensively with the pNTP molecules
on the side facets of the AuMPs, leading to a larger lateral
dimension of imaged objects than they are, which is the origin
of the TBE of TER imaging; In contrast, the hot-spots of TER
probes 2 and 3 are mainly located at their apex (Figure 2b),
making them avoid the TBE and show higher lateral
resolution.

To further verify our hypothesis, the AuMP-catalyzed
reduction of pNTP to the corresponding aniline derivative
by NaBH, was examined by our TERS technique. It is
commonly known that the pNTP will be reduced to 4,4'-
dimercapto-azobenzene (4,4-DMAB) or p-aminothiophenol
and can be easily detected by changes in the Raman bands.”>*”
New vibrational Raman bands at ca. 1147, 1397, and 1451
cm™ were observed upon NaBH, reduction, which can be
assigned to C—N symmetric stretching and N=N stretching
modes. Then, TER mapping was conducted based on the
original nitro stretching vibration mode (1336 cm ™, labeled as
blue) and the new N=N stretching modes (1397 and 1451
cm™), labeled as red). Figures 3, S7 and S8 showed the TER
images of a selected corner of single piece of AuMP imaged by
two TER probes (TER probes 4 and S). Figures S7 and S8
showed that LR TER images obtained based on nitro and N=
N matched very well for both of these two TER probes,
indicating an evenly catalyzed reduction of our AuMP, which
was confirmed by the representative Raman spectrum in
Figures S7d and S8d. However, the HR TER images provided
more information. For TER probe 4, the outline of the AuMP
based on —NO, group was 1—2 pixels (20—40 nm) larger than
that of N=N bond based. Signals of the outmost edges were
even dominated by —NO, group (Figures 3c—g and S9).
However, HR TER images obtained by TER probe §
demonstrated perfect spatial overlap of —NO, group and
N=N bond signal intensities (Figures 3h—I and S10).
Meanwhile, AFM images were taken alongside with the TER
images (Figures S11 and S12). Figure S11 clearly showed the
—NO, signals obtained by TER probe 4 matched well with the
outline of the AFM edge, whereas those obtained by TER
probe S were 10—20 nm away from the edge (Figure S12).
These findings can be well explained by above-mentioned
TBE. Similar to TBE-affected TER images showed in Figure
2c—e, the dimension of TER image (based on —NO, group)
obtained by TER probe 4 was very close to their AFM
counterpart, indicating that it was also affected by TBE. In
other words, the outmost of the —NO, signals was actually
coming from the side part of the AuMP, which is {110} or
{100} facet. Correspondingly, TER image obtained by TER
probe S was not affected by TBE, as it showed higher
resolution than AFM image. It is important to highlight that
the positions where these HR TER and AFM images were
taken from were very close (several micrometers away) on the
same piece of AuMP, further proving that the TBE is probe-
dependent and related to the hot-spot locations. Another
interesting finding on these HR TER images is the signal
intensities at the edge of the AuMP were much stronger than
those at the interior counterparts (not always like this, see

Figures S13—S15). Moreover, six more TER probes were
tested on different areas (TER probes 6—11, Figures S13—
S18). Half of these probes could give these broadening —NO,
TER images (Figures S13, S15, and S16). Therefore, these HR
TER images strongly indicate that these signal differences are
probe-dependent and related to the above-mentioned TBE.

B DISCUSSION

The catalytic property of noble metal nanomaterials (including
Au, Ag, Pd, etc.) is strongly dependent on the exposed
surfaces, like {111}, {110}, and {100}, found in our AuMPs.
From a catalysis application point of view, the noble-metal
nanomaterials exposed by different crystal facets will behave
very differently in terms of catalytic performance.’’”*
However, little attention has been paid to the facet-dependent
catalytic property of gold nanomaterials due to the lack of
characterization methods.””~* The TBE-affected TER images
of AuMPs show that TERS can provide a solution. As shown in
Figure S19, the signals of edge of AuMPs, which were
constructed by low catalytic active {110} and {100} facets,
were dominated by —NO, group, whereas the reduction
mostly took place at the basal part of AuMPs, corresponding to
the {111} facet with higher catalytic activity. It should be
pointed out that the catalysis contribution of the twin-planed
structure*® of AuMPs is still unknown so far. Moreover,
different from the TERS work have done before, one can
speculate about three-dimensional chemical mapping arising
from our TBE of AFM—TERS systems.

B CONCLUSIONS

Our results showed that TBE should be seriously considered
upon AFM—TER imaging of nonflat objects. We demonstrated
that plasmonically active zones of the tip shaft could contribute
to the collected TER signals. Accurate elimination or
deconvolution of TER signals from such additional enhance-
ment is a very complicated process, especially if the imaged
object is heterogeneous or has a sophisticated chemical
structure. We believe that several research groups noticed
this TBE upon TER imaging or TERS characterization of their
samples, but were not able to elucidate what exactly causing
observed TER spectral variability. For instance, Sereda and
Lednev'” reported that TER spectra collected from the top
surface of polypeptide microcrystal were very consistent and
similar to the far-field spectrum of this crystal. However, TER
spectra that were collected from the edge of the crystal have
randomly appearing vibrational bands and were drastically
different than the spectra collected from the top of the
microcrystal. Our results suggest that the observed spectral
heterogeneities in those experiments were due to TBE of the
used tips, which were also fabricated by metal thermal
evaporation. Unfortunately, it is nearly impossible to predict
the presence and location of hot-spots on TER tips since such
information cannot be extracted from any existing techniques.
Moreover, SEM examination of tips prior to TER imaging is
not feasible since such SEMed tips typically have no plasmonic
activity. Our reported results are very timely, since the TERS
field is slowly transitioning from single-spectral acquisition
from the surface of the object of interest to TER imaging.
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